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INTRODUCTION
The phenomenon of natural oscillations of a viscous liquid in elastically deformable tubes can be observed in a wide variety of technological processes and various instruments. Very often, these phenomena occur in the gravitational field. This situation takes place in hydrostatic leveling systems, which are used for measurements of tilts and vertical displacements in monitoring systems of long base structures and natural objects.
The operation of hydrostatic leveling systems (HLS) is based on the principle of communicating vessels. The vertical relative displacements are measured by changing the position of the free surface of the liquid at various points in the system. An important technical characteristic of the system is the frequency of free natural oscillations of the liquid surfaces and the oscillation decay time. In such systems, it is convenient to use flexible elastic hoses as tubes. The ability of the tube to deform elastically becomes a factor affecting the values of the parameters of natural oscillations of the liquid.
In general, the motion of a viscous liquid in a tube system can be described by the Navier-Stokes equations. However, for the long tubes under study (the ratio of the length to internal diameter is 10 4 ), the three-dimensional implementation of this approach may be very difficult and unreasonable. Therefore, the dynamic parameters of natural oscillations of the liquid in the gravitational field are estimated on the basis of hydraulic models, assuming that the tube walls are absolutely rigid. For instance, the model was described for tiltmeter in [1, 2] for long base hydrostatic level [3] . The natural period T 0 (without dissipation) is described by the formula
where S (s) is the cross-section of the measuring vessels (connecting tube); L is the HLS length; g = 9.81 m/s 2 . Previously, in [4] , an estimate of the transient processes for a multipoint HLS of various configurations with rigid walls was shown. However, it should be expected that, for tubes with sufficiently "low" rigidity of the walls, the dependence of the parameters of natural oscillations on the deformation-induced change of the cross-section of the tube will be observed. Apparently, this dependence will increase with the tube length. In what follows, a variant of the possible consideration of the influence of an elastic tube deformation on the oscillation regime of a viscous liquid in the field of gravity is considered on the basis of the model found in [4] . The reliability of the obtained numerical results is estimated by comparing them with the results of physical experiments. The analysis of the results of the numerical experiments has made it possible to establish, by some parameters, the applicability limits of the models that do not take into account the deformability of the tube walls.
A HYDRAULIC MODEL OF A HYDROSTATIC LEVEL
Let us now consider an incompressible liquid in a hydrostatic level with constant density and dynamic viscosity . The hydrostatic level consists of two measuring vessels and a connecting cylindrical tube ( Fig. 1) . We divide the connecting tube into several segments, each of which is characterized by fluid velocity V i and crosssection S i .
FIGURE 1. The hydrostatic level
In the measuring vessels, the height of the liquid level h 1 (h 2 ) (the filled part of the vessel) and liquid velocity V 1 (V 2 ) are variable, the cross-sections S 1 (S N ) being constant. In each horizontal segment i, liquid velocity V i and the cross-section S i are variable, the segment length L i being constant. Fluid pressures P i between the connecting segments i are also variable. The system of equations consists of the force (pressure) balance equations (2) and (3) for the measuring vessels and equation (4) for the connecting segments:
where P i is the fluid pressure at the node between the connecting segments i and i+1; k is the friction coefficient depending on frequency [4] . It was shown in [5] that, if we assume that the velocity profile is parabolic (which corresponds to the Poiseuille flow), then the first term in equation (4), expressing the inertial forces, must be taken into account with a coefficient of 4/3. Yet, in reality, this coefficient can assume values from 1 to 4/3.
The fluid velocities in the vertical measuring vessels are determined as
Equations of motion (2) to (4) are supplemented by the equations of mass balance in the deformable (horizontal) and non-deformable (vertical) parts of the level, 
The change of the pressure P on the i -segment of the tube leads to the variation of the tube cross-section, which becomes S i = π(R in 0 +dR i ) 2 . The relation between the applied pressure and the radius increment is determined from the solution of the Lamé problem in terms of the elasticity theory as 1 , 2
where α is the flexibility parameter of the tube, R in 0 and R ext 0 are the initial inner and outer tube radii on the i-segment, E and are the Young's modulus and Poison's ratio of the tube material.
Equation (8) can be written in terms of the variable S i and, additionally, we should take into account the viscous resistance of the tube material when it interacts with the liquid,
This model ignores the inertia of the tube wall in the equations of motion, since the fluid oscillations in long base levels have low natural frequencies, and the velocity of the tube wall in the transverse direction is small in comparison with the fluid velocities directed along the tube. The system of equations (2) to (7) and (10) was solved numerically with respect to the variables h, V, S and P, with the use of the Matlab software. The algorithm was tested on the example of rigid tubes of various lengths. The obtained values of the natural period for them were compared with those calculated by equation (1) . The necessary number of segments was chosen by a numerical experiment.
DETERMINATION OF THE FLEXIBILITY PARAMETER OF THE TUBE
Since the mechanical properties of the tube material are known only approximately, the flexibility parameter α was evaluated in an experiment. Two types of connecting tubes were used, made of different types of PVC -"soft" and "medium" stiffness. The characteristics of the tubes at a temperature of + 20 °C are shown in Table 1 .
At the ends of the level filled with water, a pressure difference P 1 − P N was created, and the deviation of the liquid level from the equilibrium position at both ends was recorded. If the connecting tube was not deformable, the change in the liquid volume at both ends must be the same. The difference in these volumes makes it possible to judge the degree of deformation of the tube. The parameter α was chosen in such a way that the changes in the liquid level in the measuring vessels, calculated from equations (2) to (8), would correspond to the measured values. The values of the parameter α, calculated from equation (9) and obtained experimentally for a level of 100 m, are provided in Table 1 . 
RESULTS
The experimentally found values of tube flexibility were used in the numerical modeling of liquid oscillations in vessels with a connecting tube of different stiffness. The model parameters were as follows: liquid density was 998 kg/m 3 , viscosity was 0.001 Pa•s, the diameter of the measuring vessels was 10 mm, the length of the tube was 100 m for the "soft" level and 98.7 m for the "medium" one. The obtained data on the change in the liquid level h 1 and h 2 in the measuring vessels for the "soft" level are presented in Fig. 2a . Similar graphs were obtained experimentally (Fig. 2b) by a camera. The position of the liquid level was determined using the image recognition algorithm [6] . The oscillations were excited by applying the pressure difference P 1 − P N , at one end of the level. The overpressure impulse causes damped oscillations of the liquid with the period T. The experiment showed that, in the level with the soft tube, the liquid level in the measuring vessel varied asymmetrically (Fig. 2b) . The measured values of the period T exp , are given in Table 2 . They are compared with the calculated ones, obtained with regard for the flexibility of the tube (T elastic num ), and without it (T rigid num ). As seen from the table, the account of the tube flexibility leads to an increase in the oscillation period by the amount δ = 10% for the soft tube and 2% for the medium one. At the same time, the numerical experiment showed that, as the length of the connecting tube increased, this value increased substantially (Fig. 3) . The difference between the experimentally obtained values of the oscillation period and the estimated ones (~6.8% for the soft tube and ~4.6% for the medium one) may be associated with the use of the coefficient 4/3 for the inertial term in equation (4) . It corresponds to the assumption that Poiseuille flow is implemented throughout the fluid oscillation process.
The data given in Fig. 3 allow us to estimate the applicability limits of the models ignoring the flexibility of the tube. Thus, for a level longer than 100 m with a soft tube, the neglect of the ability of the tube to expand results in an error when the oscillation period greater than 10% is evaluated. FIGURE 3 . The percentage of "tube stiffness" in the oscillation period depending on the length of the level 040066-4
CONCLUSIONS
A model of natural oscillations of a liquid in a hydrostatic level has been proposed, which takes into consideration the stiffness of the connecting tube. The flexibility parameter of the tube has been evaluated and experimentally verified. On the basis of numerical experiments, changes in the frequency of natural oscillations caused by the change in the tube flexibility have been estimated. Experiments have been performed concerning the investigation of liquid oscillations in levels with a tube of different flexibility and length. The applicability limits of the flow models in the level ignoring the flexibility of the tube have been determined.
